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~2-Airfield pavement knowledge captured in this research showed that
knowledge-based techniques can be used to quickly select and design rehabilita-
tion alternatives for ﬁ‘runwaz; taxiway: or an aprons. The AIRfield PAvement
Consultant System (AIRPACS) uses the knowledge of planners, constructors,
airfield managers and designers to solve difficult jointed plain concrete
pavement (JPCP) design problems. This expert system focuses on aircraft safety
and pavement structural capacity which are key issues for all pavement design
participants. During the validation tests, ATRPACS recommendations were compared
to results that were obtained using current empirical and mechanistic design
procedures. The results demonstrate that the knowledge acquired and represented
in ATRPACS will allow knowledgeable pavement engineers to quickly perform airport
rehabilitation designs. —=——— )

AIRPACS uses the knowledge of pavement design participants and specific
airfield information to perform rehabilitation designs. An expert’s knowledge
is represented using heuristics, or "rules of thumb", while airfield information
is represented using collections of objects. Airfield objects have been grouped
into classes such as aircraft, JPCP components, JPCP distresses, climate regions
and JPCP repairs. All objects within these classes contain information which
describes inherent attributes of the object as well as interrelationships among
objects within the airport environment. This natural representation of the
airport environment makes it easy to understand the rules in AIRPACS which
represent an expert’s problem solving knowledge.

ATIRPACS uses design expertise to select feasible rehabilitation alterna-
tives for a specific area, or feature, of a runway, taxiway or apron. Routine
maintenance, restoration, safety enhancing overlays and structural improvements
are considered in the initial feasibility study. If a structural improvement is
required, AIRPACS reviews pavement evaluation data and the airport environment
to decide if reconstruction, or one of several overlay types, 1is feasible.

Mechanistic, heuristic and empirical design methods are then used to select a new

iii




JPCP thickness, JPCP or asphalt concrete overlay thickness, joint types and joint
spacings.

The reliability of AIRPACS recommendations were compared to recommendations
made by a pavement consultant firm for several projects. Consultant reports used
in the validation process included airfields located in several climatic regions
of the United States. These reports use a mechanistic design approach but always
compare the results to Air Force Manual 88-6 or the Federal Aviation Administra-
tion design procedures. Although all expert systems must be continually updated
and enhanced, this research demonstrated that the kncowledge captured in AIRPACS
can be used to provide reasonable design solutions for JPCP rehabilitation in the

airport environment.
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CHAPTER 1

INTRODUCTION

Those who attend the United States Alr Force Academy are inspired in
different ways. The author was motivated by a statue of a falcon with the
following inscription beneath a falcon: "Man’s Flight Through Life Is Sustained
By The Power Of His Knowledge" [1]. The purpose of this research is to acquire
pavement engineering knowledge which can then be represented in a knowledge-based
expert system (KBES). This KBES can then be used to solve difficult rehabilita-
tion design problems for airport concrete pavements. Experience-based pavement
design will improve aircraft safety and provide an operating surface that will
structurally support sustained aircraft flights throughout the pavement’s design
life.

Sustained aircraft operations are critical not only during war, but also
during peacetime. Since air travel has become increasingly popular as a mode of
transportation, airports have become increasingly congested. Airlines and
airport users may lose millions of dollars if airport operations are disrupted
or delayed when a runway, taxiway or apron is closed for repairs. Therefore, it
is critical that pavement repairs be made in a timely manner. When repairs are
made, the correct repair must be selected and properly designed to minimize the

number of future closures for repairs.

1.1 THESIS OBJECTIVES

One of the primary objectives of this research is to acquire expert
knowledge for each phase 1in the selection and design of rehabilitation
alternatives for a jointed plain concrete pavement (JPCP) on an airfield. All
participants in the overall design process are considered in this research, but
the planner and designer are viewed as the key participants. Accordingly, their
work receives the most emphasis in this research. The responsibilities and
design procedures of the planner and designer vary among agencies. This variance
has led to an inconsistent application of basic pavement theory among consultants
and agencies such as the U.S. Air Force, the Federal Aviation Administration

(FAA), the U.S. Navy and the U.S. Army Corps of Engineers.




Inconsistency in pavement design can be minimized by unifying expertise in
each phase of the design process to form a more complete, comp-ehensive and
permanent knowledge-base than is currently available in government, industry or
academia. One organization may have a wealth of field experience but lack the
theoretical expertise which is needed to explain pavement performance in the
field. Likewise, another organization may have extensive theoretical expertise,
but lack the field experience necessary to validate theoretical research. Until
a comprehensive knowledge-base is established, researchers and field engineers
will not have a common reference from which to work. Therefore, the second
objective of this research is to establish a d .gn standard for airfield JPCP
rehabilitation planning and design. A knowledge-base will be the design template

which is used to guide future research work in airport design.

Before the acquired knowledge is accepted as a design standard by an
agency, the knowledge must be successfully used to complete rehabilitation
designs. As confidence in the knowledge-base increases, it will be more widely
recognized as a reference point for future advances in pavement design. Thus,
the final objective of this research is to demonstrate the successful acquisition
and representation of pavement knowledge by solving realistic airfield pavement

design problems.

1.2 JUSTIFICATION FOR AN AIRFIELD KNOWLEDGE-BASE

The average lay person usually views a pavement structure as simply
"asphalt or concrete placed on top of soil." Indeed, a novice civil engineer can
be fooled by the apparent simplicity of a pavement structure. Before planning
and designing an airfield repair, civil engineers need formal education courses
in pavements and they should have some field experience. Without this
preparation, they will almost certainly make costly design errors. Many costly
mistakes have been made in airport and highway rehabilitation design and
construction. The author makes this statement based on first hand experience as
an U.S. Air Force base pavements engineer. Without guidance from several
pavement experts in the Air Force, costly mistakes might have been made on
several airfield repair projects. This section explains why pavement design is
such a challenge, even for the more experienced pavements engineer.

The horizontal structure of a pavement system consists of one or more

layers which are designed to distribute wheel loads to protect the soil or
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subgrade from high stresses and strains. The top layer usually consists of
asphalt concrete (AC) or Portland cement concrete (PCC) which have very different
material properties. Due to hourly, daily and seasonal changes in moisture
conditions and temperatures, many of these properties are constantly changing.
Since the top layer 1s the operating surface for traffic, it must be smooth and
provide good skid resistance in all weather conditions in order to be considered
"acceptable" to the user.

Alrcraft traffic is one of the most difficult variables to estimate in the
design of a pavement system. The gross weight, tire pressure and gear
configuration of aircraft vary from one aircraft model to the next. These
variables significantly affect the amount of structural damage caused by an
aircraft. The design problem gets more complicated when several types of
aircraft must be considered in the design of a pavement system and traffic
loadings must be estimated to determine past or future fatigue damage. 1In the
past, traffic engineers have had little success in predicting future traffic and
records of past airfield traffic seldom exist.

Another highly variable component in a pavement system is the subgrade
which is the foundation for the man-placed layers. Within the United States,
there are more than 12,000 soil series [2]. Except for the "A" horizon, the top
layer of soil which is highly organic in nature, each soil in a soil series has
similar, but not identical properties. The numerous types of soils and material
property variability of a soil make it very difficult to select values for input
parameters used in pavement design.

Climate plays a significant role in the design of pavements. The pavement
engineer must consider the future impact of climate in a pavement system that has
a typical design life of 20 years. Since climates constantly change, the
pavement engineer must use statistics to predict the effect of climate on
pavement materials. Climatic factors can have a significant impact on the
durability, aging and strength cof various structural layers, including the
subgrade.

The diversity and complexity of pavement design prevents one person from
becoming an expert in all areas of this subject domain. Over time, an individual
may be known as the expert in a particular subfield of study in pavement
engineering. Or, a pavement engineer may develop a general understanding of most

areas of pavement evaluation, materials, design and rehabilitation. In the
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latter case, depth of knowledge must be sacrificed for breadth of knowledge due
to the size and complexity of the domain. Therefore, difficult problems in
pavement analysis and design are not solved by one engineer, but by a team of
cooperating pavement experts.

Pavement rehabilitation design would not be such a major problem if each
commercial airport or military airfield had an expert as a pavements engineer.
However, this is not a feasible option. For example, the U.S. Air Force has few
experienced pavement engineers at its bases. To compensate for this inexperi-
ence, an experienced pavement engineer 1is located at a Major Command which
oversees the operation of several Air Force bases. The five largest commands are
the Strategic Air Command (25 bases), U.S. Air Forces in Europe (25 bases),
Tactical Air Command (18 bases), Military Airlift Command (15 bases) and the Air
Training Command (13 bases). Since 1983, when the author was a base pavements
engineer, four of the five Major Commands have lost their experienced engineer
due to retirement or death. If an expert knowledge-base had been developed, this
expertise would still be with the Air Force and be readily available at each

base.

1.3 OVERALL APPROACH

The knowledge acquired and represented in this research represents
knowledge of key participants in the design process. Sources of this knowledge
include textbooks, research papers and most importantly, pavement experts. in
1980, a consultant for the Air Force collected pavement condition, material
properties and aircraft traffic data for 189 different JPCP pavement areas at 12
U.S. Air Force bases [3]. These data were used in structured interviews during
this research to determine how current and former Major Command pavement
engineers use pavement data to select a feasible repair for a JPCP pavement.
Current design procedures are integrated with the latest design technology to
select material properties and perform rehabilitation designs. KBES methods and
techniques were used to represent pavement systems and design procedures.

Object-oriented programming and rules are the knowledge engineering
techniques used in this research. Collections of objects are used to represent
two components of the entire knowledge-base. The first component describes the
tangible and intangible objects of an airfield while the second models pavement

behavicr. Finally, the decision-making knowledge of the participants in the
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design process 1is represented using rules. These knowledge-bases were
implemented wusing Goldhill's expert system tool, Goldworks II [4]. The
implementation of these knowledge-bases 1is titled an "AIRfield PAvement
Consultant System (AIRPACS)."

AIRPACS was developed to validate the knowledge acquired and demonstrate
the appropriateness of a knowledge-based design approach for the airport pavement
design domain. Recommendations made by AIRPACS were compared to several airport
rehabilitation design reports from ERES Consultants, Inc., a national pavement
consulting firm, and found to be in good agreement. The success of AIRPACS
should build design agency confidence in a knowledge-based approach, and provide
a base-level of pavement design knowledge for further research in airport

pavement design.

1.4 BENEFITS OF A KNOWLEDGE-BASED DESIGN APPROACH

AIRPACS is a powerful design tool because it incorporates both analytical
tools and expert engineering judgement. This knowledge-base will provide a
rehabilitation design template for future research and allow field engineers to
benefit from knowledge that is captured using this design approach. AIRPACS
provides the latest airfield pavement technology to every airport, whether that
airport supports one or one million annual flights. If the airport has an
inexperienced pavement engineer, AIRPACS is an invaluable tool. Airports with
an experienced engineer will appreciate AIRPACS since it will quickly solve
difficult design problems. For each of these situations, the engineer will have
pavement expertise readily available on a daily basis at a fraction of the cost
of a reputable consultant. As advances are made in pavement design technology,

field engineers can have the knowledge-bases in AIRPACS updated.

1.5 LIMITATIONS

The knowledge acquired and implemented in AIRPACS is for an airfield
jointed plain concrete pavement with no overlays. AIRPACS considers all types
of rehabilitation alternatives for a JPCP, but it depends on pavement evaluation
results which are needed to design each alternative. Since evaluation knowledge-
bases are not a part of AIRPACS, the user must enter all evaluation results. In
addition, rehabilitation design knowledge for all remaining types of pavement

must be added to the knowledge-bases. These include AC pavements as well as




other types of PCC pavements such as jointed reinforced concrete pavement (JRCP)

and continuously reinforced concrete pavement (CRCP). Future work should also

include composite pavements such as PCC pavements overlaid with AC.

1.6 THESIS ORGANIZATION

The remaining chapters of this dissertation are organized as follows.

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER 5

CHAPTER 6

Provides an overview of the issues in the airfield pavement
design process and the knowledge-engineering techniques that
are used to represent the design process.

Discusses in detail the JPCP rehabilitation design process and
the pavement models that are used in this research.

Describes the implementation of the JPCP design process to
form AIRPACS, a knowledge-based design system.

Demonstrates strengths and weaknesses of AIRPACS by solving
several realistic rehabilitation design problems.

Summarizes research contributions, limitations and future
research and development needs.




CHAPTER 2

BACKGROUND

This chapter introduces basic concepts in pavement engineering, provides
an overview of the design issues and presents the knowledge-representation
techniques used to develop AIRPACS. The following sections introduce fundamental
pavement and expert system terminology that is used in the remainder of this
dissertation. A basic understanding of the terminology and concepts will help
the readers appreciate the detailed discussions in Chapters 3 and 4 even though
they may have only minimal experience in pavement design or knowledge engineer-

ing.

2.1 AIRPORT PAVEMENT DESIGN ISSUES

The following discussion focuses on the issues in the design process rather
than the mechanics of the design process itself. Material properties, aircraft
traffic and climate are all categorical inputs to this process. A general
description of each input is given in the following section to facilitate a
better understanding of their influence on structural performance and operational
safety. Both of these pavement issues are central concerns throughout the design
life of an airport pavement, and will be repeatedly addressed throughout this

dissertation.

2.1.1 Design Process Inputs

Pavement materials, aircraft traffic and climate evaluation data must be
considered for reliable design. Engineers use these data to relate pavement
response to pavement performance. The output from any design procedure is
meaningless if the data used to develop this design are not carefully collected.
Much of these data can be collected by a technician with 1little pavement
expertise. However, the remaining data must be collected and analyzed by an

experienced pavement engineer.

2.1.1.1 Pavement Materials
The most common types of pavement structures are constructed using asphalt

cement and Portland cement in the surface layer. Engineers commonly refer to




these structures as flexible and rigid pavements, respectively. Since this
research focuses on JPCP rehabilitation, the following discussion is limited to
one type of rigid pavement, jointed plain concrete pavement (JPCP). The primary
difference between a JPCP and other types of rigid pavements 1s the amount of
steel reinforcement in the concrete, which controls the spacing between joints
in these pavements.

Joints are used to control the location and pattern of cracking in a JPCP.
Portland cement pavements without joints will randomly crack because high
stresses develop in the concrete when moisture and temperature cause the concrete
to expand, contract, curl or warp. Therefore, joints must be used to prevent
random cracking of the pavement and make it easier to maintain the pavement.
Joints in a JPCP are formed by making sawcuts which are normally parallel and
perpendicular to each other. Each of the areas bounded by joints in a JPCP is
commonly referred to as a slab. Normally, the length of the slab in a JPCP does
not exceed the width by more than 25 percent with the typical joint spacing
varying from 12 to 30 feet [5, 6, 7].

There are several types of mechanisms which provide load transfer between
slabs as an aircraft’s tires pass over the joint (Figure 2-1) [7]. The most
frequently used load transfer mechanisms are dowels, keyways and aggregate
interlock. Load transfer occurs when an aircraft tire rests on the edge of a
slab and a portion of that load is transferred across the joint to the adjacent
slab using dowels, keyways or aggregate interlock. Good load transfer reduces
the stresses in the slab and greatly extends the life of the pavement. One of
the best load transfer mechanisms is the steel dowel.

Steel dowels may be used for expansion, construction and contraction joints
as shown in Figure 2-1 [7]. This figure also shows typical dowel bar lengths and
installation locations in the concrete. Diameters of the steel dowels range from
3/4 to 2 1inches. Larger dowels are used in airport pavements where heavy
aircraft loads are encountered. Although keyed joints are not recommended
because of possible keyway shear failure, keyed joints often exist in older
pavements and are usually constructed as shown in Figure 2-1 [7]. When dowels
are not used in contraction joints, aggregate interlock action still provides
some load transfer, particularly in hot weather.

The amount of load transferred by aggregate interlock depends primarily on

the type of aggregate and the width of the crack in the joint. Larger aggregate
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with angular faces is much better than smaller aggregate with smooth faces. The
width of the crack depends on several factors, but temperature has the greatest
effect. On a hot day, the joint closes and the load transfer is much higher than
it would be on a cold winter day. Thus, the amount of load transferred by
aggregate interlock is very dependent on temperature, which changes daily and
seasonally, and on aggregate angularity.

A JPCP may be constructed on a granular or stabilized base layer, or
constructed directly on the subgrade soil. The primary functions of a base for
PCC pavements are to provide a construction platform for equipment; to help keep
the structure free of excessive moisture; to help protect against frost damage
and to provide uniform support conditions for the concrete slab. The most common
types of binding agents in a stabilized base include lime, Portland cement and
asphalt. Although a stabilized base has little permeability, an unbound base may
also be relatively impermeable if the base has a high percentage of clay and silt
particles.

In most cases, a stabilized base prevents erosion and pumping better than
an unbound base. Erosion is the loss of support beneath the concrete slab which
usually occurs through the pumping of water. Pumping occurs when an unbound base
or the subgrade is saturated. As the wheel travels across the pavement, the slab
deflects, forcing water and fines up through the joint and onto the pavement
surface. If a sufficient amount of erosion occurs in the base or subgrade, a
void will be created between the concrete slab and the base. This leads to much
higher deflection stresses In the slab and early structural failure.

The amount of water entering the base and subgrade from the pavement
surface is reduced by sealing the joints in the pavement. However, the primary
benefit of the joint sealant may be to prevent incompressible material from
entering the joint. If incompressible material enters the joint reservoir over
a number of years, the surface of the pavement may experience a shear failure as
the slab expands when the temperature increases. This failure, known as
spalling, could progress to the state where the entire cross section of the slab
fails in shear. The latter form of failure is referred to as a "blow-up" and
requires an emergency repair before traffic operations resume.

The preceding discussion focused on the material components of a JPC
pavement. Each component was introduced by discussing its function in the JPGCP

system. JPC pavements have a short joint spacing to prevent cracking since there
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is no steel reinforcement in the concrete to hold cracks tightly together. Since
there are a large number of joints in a JPCP, load transfer across joints is a
critical issue. The foundation of a JPCP is the subgrade and base course which
provide a platform for construction equipment and a structural foundation for
those aircraft that use the pavement. Before one can appreciate the pavement and
aircraft interaction, it is important to understand those aircraft characteris-

tics that are considered in the pavement design process.

2.1.1.2 Aircraft Traffic

Aircraft owners, such as commercial airlines and the U.S. Department of
Defense, are primarily concerned with aircraft payloads and safety. As pavement
users, these organizations are satisfied when they can load their aircraft as
they wish and have a safe operational surface. Pavement engineers must address
both of these operational concerns when they are analyzing past, present and
future pavement performance. Aircraft payloads are a major concern to the
pavement engineer because history has shown that aircraft are often modified to
increase the payload capacity of the aircraft. Since aircraft gear and tire
configurations are seldom redesigned during the modification, the resulting
increase in gear loads and tire pressure will create more pavement damage. This
section describes those aircraft characteristics that provide key inputs in the
assessment of pavement performance.

Aircraft characteristics will be introduced by comparing two aircraft which
have similar gross weights, but cause significantly different amounts of pavement
damage. Lockheed’s C-5B cargo plane has a maximum gross weight of 840,000 1bs
while Boeing’s B-747-300 has a maximum gross weight of 833,000 1bs. The
difference in weight is less than 1 percent, but the key issue is how the weight
is distributed to the pavement surface. Each aircraft has one nose gear and four
main gear assemblies as shown in Figure 2-2. 1In addition, the gross weight
distributed to each gear is similar as shown in Table 2-1. But this is where the
load distribution characteristics begin to differ.

Figure 2-3 shows the number of tires on each gear and the spacing of the
tires. The C-5B has six tires distributing the gear load while the B-747 has
only four tires. In addition, the C-5B and B-747 have tire contact areas of 297

in? and 237.5 in? per tire, respectively. Tire number and contact areas result
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TABLE 2-1

B-747 AND C-5B GEAR ASSEMBLY LOADS

AIRCRAFT MAIN GEAR WEIGHT (lbs) | WNOSE GEAR MEIGHT (lbs)
c-58 197,000 48,000
8-747-300 194,600 54,200
FIGURE 2-3

B-747 AND C-5B MAIN GEAR TIRE LOCATIONS

LEGEND
c-6 &
B-747  (]]

In respective contact pressures of 111 and 210 psi for the C-5B and B-747.
Boeing’s B-747 also causes more damage to the pavement since the tires are not
spread out over as large an area as those of the C-5B, as shown in Figure 2-2.

The B-747 does have a more favorable pass-to-coverage ratio. When pilots
take off or taxi an aircraft, they attempt to keep the aircraft centered on the
runway or the taxiway. The amount a pllot wanders from the centerline 1is very
important since wander directly effects the amount of damage a pavement will
sustain after several aircraft passes. When the aircraft is travelling very fast
during takeoffs on a runway, the standard deviation of the wander is approximate-

ly 60 inches. Likewise, the standard deviation is 30 inches on a taxiway where
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the aircraft is moving relatively slow [8]. This means that a point on the
pavement in the wheel path of an aircraft is loaded more frequently if the
pavement facility is a taxiway as opposed to a runway. The number of times an
aircraft must pass along a pavement facility before a particular point is covered
is known as the pass-to-coverage ratio at that point. In addition to aircraft
wander, the ratio also depends on the type of main gear and the main gear
location.

Pass-to-coverage (P/C) ratios for the mean gear location in the wheel path
can be as high as 33 for fighter aircraft or as low as 1.5 for the C-5B cargo
ziicraft operating on a taxiway. Runway P/C ratios for a B-747 and C-5B are 6.14
and 1.89, respectively. Lockheed’s C-5B has a lower P/C ratio for two reasons.
First, the main gear are located directly behind each other in contrast to the
B-747 as shown in Figure 2-3. Another reason the C-5B P/C ratio is lower is that
it has more main gear tires and the width of each tire is larger. Despite the
fact that the C-5B’s P/C ratio is much lower, the B-747 will create more pavement
damage if the number of passes of each aircraft is equal. As a result, a typical
thickness for a doweled JPCP might be 8.5 inches 1if designed for the C-5B and
11.5 inches if designed for the B-747 operating on a taxiway. If a JPCP is 11.5
inches thick and the aircraft gear are placed on the transverse joint, a typical
free edge stress would be 450 psi for the C-5B and 870 psi for the B-747.

The preceding discussion described aircraft characteristics which affect
load distribution to the pavement, but the engineer is also concerned with
Foreign Object Damage (FOD). Pavement debris, such as joint sealant and spalled
concrete, can be ingested by aircraft engines, cut tires, or damage the skin of
the aircraft. Much research has been conducted to determine why certain aircraft
have higher unscheduled engine removal (UER) rates (i.e. an apparent greater
susceptibility to FOD). Factors that have been reviewed include engine inlet

diameter, engine height above the pavement surface and mounting location of

engines [9]. However, these research efforts have only led to a qualitative
description of the principal damage mechanisms. These mechanisms include

projection of debris from landing gear and ingestion of debris by way of the
engine inlet vortex [9]. These mechanisms are discussed in more detail in
Chapter 3.

The design process would be less complicated if the only interactions were

those occurring between the pavement structure and the aircraft. However, the
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complexity of pavement system interactions 1is significantly increased when

climatic characteristics are added to the materials and aircraft traffic inputs.

2.1.1.3 Climate

Pavement engineers must carefully consider the climate since it signifi-
cantly affects pavement performance and aircraft safety. Engineers are primarily
concerned with pavement exposure to varying amounts and physical states of
moisture, freeze-thaw damage to PCC, thermal gradients in the PCC slab, frost
penetration into the subgrade and the number of freeze-thaw cycles in each
structural layer. The climatic elements of sunshine, wind, rain, snow, ice,
temperature and temperature changes all affect these areas of concern. Since
most people are familiar with weather terminology, no further explanation of
climate is given.

One of the critical issues in rehabilitation design is the interaction of
pavement materials and climate. Chapter 3 will explain the JPCP distresses that
may develop from this interaction. The next issue in this chapter is how a
pavement responds when an external load is applied to the pavement surface, and

how this behavior changes after years of exposure to the climate.

2.1.2 Pavement Response To Aircraft Loads

As an aircraft gear travels across a pavement, the pavement structure
deflects in the vicinity of the gear and experiences various magnitudes of stress
and strzin. Deflection, stress and strain are the basic types of pavement
responses. The magnitude of each of these responses depends on the gear load and
the amount of time the load is applied to the pavement.

Pavement responses are higher for an aircraft "holding"” on a taxiway than
they are for that same aircraft taxiing at high speed on the same taxiway. The
magnitude of pavement stress, strain and deflection, and the number of load
repetitions at each of those response levels must be sufficiently low to prevent
early concrete failure. Failure may occur when the flexural stress in the
concrete exceeds the ultimate strength of the concrete; however, the more common
mode of failure in pavements is fatigue. This type of failure occurs when the
pavement 1is repetitively loaded at a stress l1level lower than the ultimate

concrete strength [10, 11].
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For most airport pavements, one or two types of aircraft cause 90 percent
of the concrete fatigue damage. These aircraft are known as the critical
aircraft in the design process. The engineer must insure that the operational
weight of the critical aircraft will not cause premature structural failure of
the pavement. For existing pavements, past and future fatigue damage must be
considered before the engineer knows if any structural improvements are needed.

Concrete cracking is the most common visible indication of pavement fatigue
damage. Slab corner breaks, longitudinal cracks, transverse cracks and diagonal
crcks which systematically occur throughout the pavement facility in trafficked
areas are clear signs of structural failure. With the exception of cormner
breaks, most of these cracks begin at the bottom of the JPC layer and propagate
to the surface. If the pavement is relatively new, the surface may not be
cracked or show any signs of fatigue damage. 1In this case, the engineer must
estimate the past damage by reviewing the types of aircraft that have used the
pavement facility and the average number of annual departures. This would be an
easier task if the ultimate strength of PCC did not change with time, but this
is not the case [12].

Just as aircraft traffic changes during the life of the pavement, so do the
material properties of the JPC layer. The stiffness and strength of PCC usually
increase with age, but the local climate may adversely impact certain concrete
material properties. Two of the most common types of concrete durability
problems include alkali-silica reactions and "D-cracking"”. Alkali-silica
reactions occur between certain types of aggregate and cement in the concrete.
Serious reactions result in a total breakdown of the matrix structure in the
concrete. D-cracking is most prevalent in wet climates where the pavement
experiences several freeze-thaw cycles. Pores in the aggregate absorb moisture
causing the aggregate to expand and contract during a freeze-thaw period. If
serious durability problems exist, serious FOD may develop and the JPCP may
provide little structural benefit for future aircraft traffic.

A foundation may provide structural support for the JPC layer, but the
engineer’s primary concern is uniform slab support. Non-uniform support
conditions significantly increase the difficulty of the analysis since the area
of non-support continuously changes and is not visible. Non-uniform support may
develop if the JPC layer experiences foundation frost heave, settlement or

erosion. This behavior can be controlled by insuring that the subsurface drains
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freely, the base is not frost susceptible and the pavement layers limit the depth
of frost penetration into a frost susceptible subgrade. Besides reducing the
load-carrying capacity of the pavement, foundation problems may also cause

roughness and create a safety hazard for aircraft.

2.1.3 Aircraft Safety

An airport pavement enhances aircraft safety if the JPCP surface provides
good skid resistance, a smooth surface and has little surface debris. Nothing
is more important than aircraft safety! For some types of passenger aircraft,
hundreds of lives are at risk during takeoff or landing. During takeoff, these
aircraft are fully fueled and traveling at high speeds. If a pavement surface
is smooth, has no spalls that could cause a tire to rupture, has good friction
characteristics and has no surface debris that could damage an engine, the
pavement engineer has done everything possible to ensure that the surface is
operationally safe.

A pavement surface is considered smooth if the amplitude of long and short
wavelength roughness is so small that pilots and passengers do not notice any
roughness during normal aircraft operations. Most long wavelength roughness
problems are built into the pavement during construction. Long wavelength
roughness is usually noticeable on a runway where aircraft are moving very fast,
but short wavelength roughness may be evident on any type of pavement facility.
Aside from passenger discomfort, severe surface roughness may make it difficult
for pilots to read their instruments, increase the number of cut tires, or worse
yet, result in a blown tire during takeoff or landing. Roughness may also cause
a problem if it occurs near the point of aircraft rotation during takeoff on a
runway. For some aircraft, this could cause a temporary liftoff and extend the
distance required for takeoff.

A more frequent safety problem is hydroplaning which can happen on a
runway, taxiway or apron. Most hydroplaning problems develop on a runway where
both dynamic and viscous hydroplaning can occur. Dynamic hydroplaning depends
on the pavement surface macrotexture, aircraft speed, tire pressure and gear
configuration. Viscous hydroplaning may develop when the aircraft is moving slow
and is primarily a function of the surface microtexture. Microtexture is what
makes an aggregate smooth or rough to the touch while macrotexture depends on the

PCC surface finish (i.e. grooving, burlap finish, etc) [13]. Macrotexture and
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microtexture characteristics may change over time through surface wear or the
buildup of tire rubber in touchdown areas of a runway. Good surface texture is
even more important if the surface does not have adequate longitudinal or
transverse slope.

Another safety concern is the amount of pavement debris on a pavement
surface. Pavement FOD material includes loose joint or crack sealant, aggregate,
and loose concrete. As a sealant ages, it becomes brittle and does not adhere
to the concrete. When a JPCP joint loses some of its sealant, incompressible
material may enter the joint which eventually leads to joint spalling. Spalling
also occurs in pavements that have cracked slabs. As the crack deteriorates, the
amount 2f loose concrete generated by spalling increases. Loose concrete is also
generated when the concrete has severe durability problems. In this case, the
entire concrete surface may scale or spall off from the underlying sound
concrete. All these potential sources of pavement FOD must be kept under control

to enhance aircraft safety.

2.1.4 Feasible Rehabilitation Alternatives

This research focuses on rehabilitation options for a JPCP structure that
has not been overlaid since original construction. The preceding discussion
focused on the issues of design inputs, pavement response under an aircraft load
and aircraft safety. The next logical issue to discuss is what repairs correct
the various types of JPCP distresses. A feasible alternative should support
current and future aircraft operational weights while allowing those aircraft to
safely use the pavement facility.

If the pavement will not structurally support future aircraft traffic,
there are three feasible strategies. The engineer and airfield manager may
decide to (1) do nothing and let the pavement fail early, (2) do nothing to the
pavement but reduce the number of aircraft departures to extend the pavement
life, or (3) structurally improve the pavement. The load-carrying capacity of
the pavement can be increased by placing an overlay on the existing JPCP or by
reconstructing the JPCP. If an overlay is placed, both the overlay and existing
JPCP contribute to the load-carrying capacity of the modified pavement structure.
Since reconstruction usually involves removal of the existing JPC layer, the new
JPC structure provides 100 percent of the load-carrying capacity. Increasing the

structural capacity of airport pavements is the key factor that allows airports
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to increase their operational capacity.

If safety improvements are necessary, the JPCP surface must be modified or
overlaid. Repairs are made in local problem areas or over the entire surface of
the pavement facility. If a structural overlay is needed, this option will also
correct any existing roughness, hydroplaning or FOD problems. Otherwise, a
thinner overlay may be installed to correct these safety problems. Grinding,
slab jacking and slab replacement may be used to correct localized problems such
as short wavelength roughness. Finally, grooving can be used to reduce
hydroplaning problems if surface macrotexture is poor. Rubber removal in the
landing areas of a runway may also improve the surface texture and reduce
hydroplaning potential. Hydroplaning problems can be further reduced by insuring
that adequate slope quickly removes surface and subsurface free water from the
pavement structure.

Drainage improvements will enhance pavement structural performance and
aircraft safety. Improvements include longitudinal and transverse JPCP slope
increases, permeable base installation (in conjunction with reconstruction),
existing drainage pipe repair and new drainage pipe installation. JPCP grade
corrections improve surface drainage and reduce hydroplaning potential. Drainage
pipe and permeable bases help to remove excessive moisture from the subsurface
layers. Drainage improvements also help prevent erosion and pumping, and
minimize pavement damage from frost heave or freeze-thaw action.

A JPCP may support future aircraft traffic without ~ompromising safety, but
periodic maintenance is still required throughout the design life. Maintenance
work includes resealing joints and cracks, partial-depth and full-depth repairs
of slabs and slab replacement. For most types of JPCP distresses, more than one
maintenance alternative is feasible. This allows the pavement engineer to make
expedient repairs or more permanent repairs if time permits. 1In either case, the
objective is to maintain an acceptable rate of deterioration in the JPC pavement

without sacrificing safety.

2.1.5 Construction Ease and Expediency

Although an alternative may correct a structural problem or improve
operational safety, it may not be a good choice if it requires more time to build
than is available for construction. Most airport pavement facilities are too

important to be closed for an extended period of time. Therefore, construction
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periods are kept as short as possible. Fast track construction will reduce
facility downtime, but may be prohibitively expensive. Finally, the construction
season may have a significant impact on the length of the construction period.

If the pavement is being reconstructed, the base and subgrade are exposed
to the weather. If an existing base course is not saturated, it may provide a
good platform for construction equipment and minimize weather related construc-
tion delays. Many older JPCP pavements, especially those on U.S. Air Force
airfields, were constructed without a base course. For these pavements, rains
could significantly delay reconstruction if the area does not have good natural
drainage. Although soil stabilization methods can be used to decrease delays,
they significantly increase construction costs. Weather-related construction

delays should be carefully considered in the rehabilitation design process.

2.1.6 Safety During Construction

Most of the interconnected pavement facilities on an airport are too
important to be totally closed during construction. Since closing an airport
during construction is seldom a viable option for civilian or military airports,
aircraft are forced to taxi around construction sites. Alternate taxi routes
should keep the aircraft a safe distance away from the work area. However, in
some situations the aircraft must operate very close to the work site. In this
sitnation, aircraft operations must be carefully scrutinized to insure worker and
aircraft safety are not compromised.

Two of the most important safety concerns for a worker are noise and
aircraft accidents. An airport is a very noisy place, especially on military
bases that have fighter aircraft. More important than noise are the lives that
are at risk when the construction site is close to an active runway. The vast
majority of aircraft accidents happen during take-offs and landings. For repair
work located in these areas, alternatives with short construction periods are
very attractive.

Construction work near a runway also places the aircraft at risk. For most
types of pavement repairs, bulky equipment is needed at some point during the
repair. If a pilot loses control of the plane during takeoff or landing and
crashes into construction equipment, the number of lives lost and the amount of
aircraft damage may be high. When pilots are taxiing around construction sites,

the primary safety concern is FOD. Certain repairs generate much more pavement
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debris. Although sweepers keep the work area clean most of the time, engine FOD

is still a safety concern of airfield managers.

2.1.7 Traditional JPCP Thickness Design

Selecting materials, determining JPC layer thicknesses and selecting joint
spacings are traditional thickness design activities. Many pavement design
procedures that are used today include both empirical and mechanistic concepts.
Each of these concepts uses a different philosophy to predict pavement
performance. However, with the current state of pavement technology, most design
procedures use a combination of empirical and mechanistic concepts.

Before the dawn of the computer, most pavement design procedures were
empirical in nature. Today, many steps in a design process still have an
empirical basis. The most classic use of this methodology is the pavement
overlay equations that were developed by the Corps of Engineers [6, 7, 14, 15].
These equations are used to determine the thickness of an AC or PCC overlay
constructed on a JPC pavement. Full-scale tests of rigid pavements conducted
between 1943 and 1973 were the basis for the overlay equations. The equations
are empirical since they do not relate pavement response to pavement performance.
Instead, overlay thickness is based on existing JPC layer thickness, existing
JPCP condition and the JPC layer thickness that would be required if a new
pavement were constructed on the existing foundation.

The most frequent use of mechanistic design is the determination of a JPC
layer thickness for a new pavement. For a given concrete flexural strength,
engineers determine if a trial thickness has acceptable stress and deflection
levels when loaded by the design aircraft. Pavement responses, such as stress
and deflection, are much easier to compute quickly now that the computer is
readily available to most engineers. Thickness design in a mechanistic procedure
is based on the stress ratio, which is the ratio of the slab flexural stress to
the concrete flexural strength or vice-versa. As the stress ratio decreases, the
number of allowable load repetitions increases. After the stress ratio is
determined, the designer estimates how many aircraft passes the pavement can
withstand before a critical amount of fatigue damage occurs.

The stress ratio is the only variable used to estimate the number of
allowable load repetitions before the pavement fails. However, this is a very

difficult transition to make since flexural strength changes as concrete ages.
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Most engineers use the results from the Corps of Engineers full-scale tests to
empirically estimate allowable repetitions to failure. JPCP failure is normally
defined as the number of load repetitions that will, on the average, produce
cracks in 50 percent of the slabs. Until better theoretical fatigue models are
developed, pavement engineers will continue to correlate stress ratio to JPCP

failure.

2.1.8 Future Performance of Rehabilitation Alternatives

Once materials have been selected, structural thicknesses have been
determined and joint spacings selected, the next stage in the design process is
to predict how the pavement will perform after an alternative has been
constructed. A rehabilitation alternative wusually corrects more than one
pavement distress, or at the very least, minimizes the severity of these
distresses. Performance prediction is necessary to estimate the service life of
the pavement so an economic analysis can be used to select the most cost-
effective repair option. Cost-effectiveness is most frequently quantified in
terms of (1) the pavenent condition throughout the design life or, (2) the
equivalent uniform annual cost (EUAC).

Pavement surveys are often conducted at regular intervals to monitor the
pavement ccndition. Pavement performance can be graphically illustrated in terms
of pavement condition versus time. The area under this curve is often described
as the performance of the pavement [16]. Rehabilitation will improve the
pavement condition which increases pavement performance. Statistical models are
often used to predict how a repair will change the current rate of deterioration.
Since statistical models that predict pavement performance often depend on large
databases, which may not be available, it may be easier to estimate service lives
and then compute the EUAC of each alternative.

For many types of rehabilitation options, a typical service 1life is
estimated so an economic analysis can be performed. For example, experienced
pavement engineers know how often various types of joint sealant have to be
replaced. But it is much harder to estimate the typical service life of a
structural overlay. Most engineers who assume a new overlay will safely support
future aircraft loads throughout the user-specified design life, are not fully
considering climatic effects. Since reliable statistical models may not be
available, the best method of predicting performance for an airfield pavement may

be a combination of the two approaches just described.
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2.1.9 Economic Analysis

The final step in the design process is an economic analysis which helps
select a preferred JPCP rehabilitation alternative. Regardless of the approach
used to predict performance, the EUAC is a commonly used economic analysis tool.
If the pavement condition versus time curves and the EUAC are known, users will
be more confident when they select a rehabilitation alternative. Ideally, the

alternative selected will be within or close to the project budget.

2.2 KEY PLAYERS IN THE DESIGN PROCESS

With a general understanding of the issues in the design process, it is
helpful to understand how the various design responsibilities are delegated. Two
organizations that are actively involved in the airport pavement design process
are the U.S. Air Force and the Federal Aviation Administration (FAA). As an
airfield user, the Air Force performs a majority of the design responsibilities
in-house. On the other hand, the FAA primarily acts as a consultant to the

various privately and municipally owned and operated commercial airports.

2.2.1 Key Players In The Air Force Design Process

The three organizational levels involved in the design process include the
Alr Force Headquarters, Major Commands (MAJCOMs) and Air Force Bases. Most of
the design activity occurs at the base level with technical guidance and funding
approval coming from the MAJCOMs and the Alr Force Headquarters.

The Air Force headquarters approves operations and maintenance (O&M)
budgets and expensive new construction and rehabilitation projects. Expensive
projects usually involve a mission change where the existing airfield pavement
facilities cannot support the new alrcraft. Examples include deployment of the
new B-1 bomber or relocation of heavy cargo aircraft to bases that currently
support only light fighter aircraft. If technical assistance is needed at the
Air Force level, planners and programmers turn to the Major Command’s pavement
engineer.

The MAJCOM’s pavement engineer usually has more pavement experience than
anyone else at the MAJCOM or base level. This person usually has 10 to 30 years
of pavement experience and has a Bachelor of Science degree in engineering.
Since most of these engineers have spent their entire career in the field, few

have had the opportunity to get an advanced degree. However, they are highly
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respected at all levels in the Air Force because of their experience. Although
their primary responsibility is to provide technical guidance, the MAJCOM
pavement engineers’ approval of a project is usually needed before a project is
funded.

Since the MAJCOM pavement engineers provide technical guidance for as many
as 25 bases, they do not have time to get involved with individual project
designs at each of the bases. Most of this work is done by the Base Civil
Engineering (BCE) organization. However, fewer and fewer BCE organizations are
fortunate enough to have a pavement engineer. In most cases, pavement design is
one of several responsibilities of a civil engineer. If a problem is too
difficult for the BCE organization, a consultant must be hired to evaluate and
design the project. When funds for consulting services are limited, the project

is often delayed unless an emergency exists.

2.2.2 The Federal Aviation Administration’s Design Role

The FAA's role is primarily one of technical support for commercial
airports in the country. Since there are such a large number of private and
municipal airports in the United States, design manuals provide most of the
technical support. These manuals reflect the philosophy and expertise of FAA
engineers. Two of the publications that are frequently mentioned in this
research include Aircraft Data (AC 150/5325-5C) [17] and Airport Pavement Design
And Evaluation (AC 150/5320-6C) [7]. A list of several other FAA publications
is shown in Appendix A. If any of these publications needs revision, the FAA may
hire a consultant, such as the U.S. Army Corps of Engineers. Much of the Corps
of Engineers research is reflected in the FAA publications, including the
empirical overlay equations previously discussed.

The preceding discussion focussed on key players who are involved in the
traditional planning and design phases of the overall design process. Other
players include ground safety officers on Air Force Bases, airport managers and
potential contractors. Inputs from each of these individuals may significantly
affect JPCP construction and performance throughout the design 1life. The
following sections describe the methods of representing the knowledge of all

players who make a contribution in the airport pavement design process.
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2.3 KNOWLEDGE ENGINEERING TEGHNIQUES

One has to understand the various types of knowledge used in solving a
problem before choosing the methods for its representation. Knowledge can be a
structured group of facts in a domain (i.e. a car has four wheels and an engine).
Another type of knowledge might model how we make decisions. This type of
knowledge is used when a mechanic uses a checklist to decide why the engine will
not start. These types of knowledge come from a variety of knowledge sources.

The sources of knowledge distinguish a simple knowledge-based system (KBS)
from a knowledge-based expert system (KBES). If the source of knowledge is from
a recognized expert in the subject domain, the heuristics and judgement
represented in the KBES are likely to be correct and efficiently lead to a
solution. AIRPACS knowledge sources are engineering leaders from universities
and the Department of Defense. This research uses theoretical and field
expertise to formalize a comprehensive design approach to airfield pavement

rehabilitation.

2.3.2 Knowledge Representation Techniques

Rules and objects are the primary methods of representing knowledge in this
research. Objects represent domain structure while rules represent decision-
making knowledge and heuristics [18, 19, 20]. A good ES tool will include both
of these paradigms since each is more efficient at representing one type of
knowledge. For this reason, rules and objects complement each other very well
and make knowledge representation more natural if both are used in a KBES. The
power of an ES tool is measured by the number of features and flexibility built
into a paradigm. Since Goldworks II was used in this research, Goldhill Computer
Inc. terminology is frequently used throughout this section to describe the

features of rules and objects.

2.3.2.1 Objects

In an object-oriented representation, any tangible item or abstract concept
is an object. Genesereth states that the formalization of knowledge in
declarative form begins with a conceptualization that includes objects that exist
in the world and their interrelationships [21]. These relationships are often
described using semantic nets or frames [19, 22, 23]. Each object in a network

can be described by a set of attributes and procedural attachments that describe
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the behavior of that object [19, 22, 23, 24].

Objects that have similar attributes and behavior are often grouped
together to describe a class which is represented as a node in semantic nets or
frames. In addition, there can be subclasses of a class object which inherit the
attributes and behavioral characteristics of that object and all superclasses of
that parent object. A class object provides a data and behavioral template for
instances of that object. Each instance will inherit the attributes or slots,
slot default values, and the procedural attachments of a class.

Procedural attachments are sometimes described as daemons which are
activated when certain events occur. A daemon may be activated when the value
of a slot in an instance changes or when that value is accessed. Procedural
attachments allow the knowledge engineer to manipulate the data of an object
instance or move data between instances [23]. Each type of slot behavior that
is used in this research can be explained better through an example problem.

Lets assume a vehicle rental company wants to develop a KBES to improve
maintenance operations of its fleet. The company’s fleet includes all sizes of
automobiles and minivans. Engines and tires are the primary maintenance concerns
of the company. Mileage, number of rentals and the mean number of miles driven
per rental are key factors the company uses to schedule maintenance. Since these
factors also describe a typical rental vehicle, they are included as slots in the
vehicle class shown in Figure 2-4. Mileage will always be a numerical value and
will never be greater than 50,000 since the company always sells vehicles before
they accumulate this amount of mileage. Therefore, this slot wvalue will be
restricted to the range of 0 to 50000 to prevent an erroneous input to the KBES.

In addition to constraints placed on the mileage slot, the slot could be
instructed to perform an action if the value is accessed or modified. In this
example scenario, the rental company is interested in the average number of miles
the vehicle has been driven each time it is rented. When a vehicle is returned,
the KBES user inputs the new toial mileage. At that time, a when-modified facet
of the mileage slot would activate a daemon, which is a function containing
instructions to do something [4]. The daemon would increase the "number-of-
rentals"” slot by one, compute the new mean mileage per rental and update the

value in the "mean-mileage-per-rental"” slot.
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FIGURE 2-4
VEHICLE TOP-LEVEL CLASS EXAMPLE

Cstors L CONSTRAINTS DEFAULT-VALUE

Vehicle-Type Auto OR Minivan Auto
Front-Wheel-Drive Yes OR No Yes
{ Mileage 0 to 50000 0
Number-of-Rentals Number 0
Mean-Mileage-Per-Rertal Number 0
| VERICLE

Besides the vehicle class, classes of objects must be defined to describe
the parts (i.e. engine and tires) of the vehicle that will receive scheduled
maintenance. Lets assume the rental company purchases it vehicles from two
manufacturers, Ford and Chrysler. All engines in automobiles are manufactured
by their respective vehicle manufacturer, but a Chrysler minivan has either a
Chrysler or Mitsubishi built engine. Chrysler installs Goodyear tires on all
their vehicles, but Ford installs Michelin and BF Goodrich tires on their cars
and Goodyear tires on their minivans. Finally, only Chrysler makes front-wheel-
drive vans, but both manufacturers make front-wheel-drive and rear-wheel-drive
cars.

Using manufacturer information as a guide in further defining our
structured KBES, another top level class is created as shown in Figure 2-5. The
maintenance-part class is used to make it easier to create the engine and tire
class objects shown in Figures 2-6 and 2-7. The manufacturer slot which is
inherited from the maintenance-part class is shown again in Figures 2-6 and 2-7
since different constraints apply for an engine and a tire [4].

The behavior of the "mileage” slot of the "Maintenance-Part" class shown
In Figure 2-5 1is different than the behavior of the same slot of the "Vehicle"
class shown in Figure 2-4. A when-modified daemon attached to the "mileage" slot
of the "Maintenance-Part" class watches the value of the "mileage" slot of
"Vehicle" class [4]. If the slot value in the "Vehicle" class changes, the
daemon will compute the mileage driven during the past rental and add that
mileage to the existing mileage in its own slot. This behavior allows the rental
company to maintain accurate records of the mileage on each vehicle part. For

example, one tire on a vehicle may have blown so the new tire will have less
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mileage than the vehicle.

Now that the KBES structure and behavior have been defined, instances can
be created for each vehicle in the rental company’s fleet. In addition,
instances can be created for each vehicle’s engine and tires. If the company has
3 Dodge Caravan LE minivans, one of the vans might be represented as an object
as shown in Figure 2-8. Figures 2-9 and 2-10 show the engine and tire instance
objects which are part of the Dodge-Caravan-LE-2 instance defined in Figure 2-8.

Additional vehicle, engine and tire instances would be created for their
respective object class until the entire fleet is represented. The end result
is a natural representation of all pertinent facts about all vehicles owned by
the rental company. Instance objects can easily be added or deleted when the
company decides to sell or purchase a vehicle. If the structure of the object
classes is carefully constructed, it will be much easier to define rules that use

information in the structure.

FIGURE 2-5
MATNTENANCE-PART TOP LEVEL CLASS EXAMPLE

SLOTS

Part-0f-Vehicle Vehicle Instance

Manufacturer

Mi leage

FIGURE 2-6
TIRE CHILD CLASS OF MAINTENANCE-PART EXAMPLE

sLoTs _ ' CONSTRAINTS .~ DEFAULT-VALUE

Type Steel-Belted OR Bias-Ply Steel -Bel ted
Manufacturer Goodyear, BFGoodrich OR Goodyear
Michelin
TIRE
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FIGURE 2-7
ENGINE CHILD CLASS OF MAINTENANCE-PART EXAMPLE

_ DEFAULT VALUE

©COMSTRAINIS

Manufacturer ford, Chrysier OR Chryster
Mitsubishi

Size V4, V6 OR V8 V6

Fuel-System Fuel-Injection OR Fuel-Injection
Carburetor

FIGURE 2-8
VEHICLE INSTANCE

